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Abstract
Temperature-dependent reaction rates have been measured for the reaction of muonic helium with ammonia
4.11H + NH3 → 4.11HH + NH2 where 4.11H represents the muonic He atom – He with one electron replaced by a negative
muon – which behaves chemically as a very heavy isotope of hydrogen, as emphasized by the (nonstandard) symbol.
The Arrhenius activation energy was measured as 47 ± 17 kJ/mol between 400 and 600 K. The large uncertainty easily
overlaps the value of 57 kJ/mol measured for the normal H + NH3 reaction [Ko et al., J. Phys. Chem. 94 (1990) 1401],
and also existing calculations.
The use of NH3 as the electron donor in the production of neutral muonic He is discussed in light of the title reaction,
and in comparison with alternatives Xe and CH4.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
The topic of this report is an isotopic variation of the abstraction reaction
NH3 + H→ NH2 + H2 (1)
which is important in combustion or thermal decomposition of ammonia. Likewise, hydrogen abstraction re-
actions are universally important for the combustion of hydrocarbons, notably for CH4 which is isoelectronic
with NH3. These reactions are typically endothermic with late and broad energy barriers along the reaction
path, giving them high activation energies and making them quite slow except at high temperatures [1].
Varying the hydrogen isotope has a large eﬀect on the activation energy due to diﬀering vibrational zero-
point energies at the transition state. Some isotopic variation of reaction (1) has been studied [2–4], but for
the fully-deuterated system, not the mixed-isotope abstraction reaction such as NH3 + D→ NH2 + HD or
the more extreme mass variation presented here.
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Muonic helium (Heμ) is a helium atom where one electron has been replaced by a (negative) muon.
It was studied beginning in the 1980s as a means to investigate the quantum electrodynamics of the μ−e−
interaction through precise measurements of the hyperﬁne frequency [5–9]. It has only recently found appli-
cation as an unusual isotopic variation for hydrogen in a chemical kinetics study [10, 11]. Since the muon is
much heavier than the electron, it resides in a 1s orbital 402 times smaller than the 1s orbital of the H atom.
From this close placement, the μ− screens one unit of charge of the He nucleus (α) so that the combination
αμ appears as an object with charge +1 and mass 4.11 amu. The remaining electron in Heμ then behaves
much as an electron in a hydrogen atom, but the atom has a mass of 4.11 amu. Thus we will use the notation
4.11H to emphasize this application to chemistry, and use Heμ as shorthand in other contexts.
Neutral muonic helium, or 4.11H, is formed in stages from stopping a particle beam of negative muons
in a gas mixture, composed predominantly of He. First the muon is captured onto a He atom while ejecting
both electrons by Auger processes
μ− + 4He→ (αμ)+ + 2e− = (Heμ)+ + 2e− . (2)
(This happens in stages, so is really multiple steps; the equality above just shows alternative notation.) Dur-
ing these steps the muon loses much of its initial spin polarization [5]. Afterward, the (Heμ)+ is neutralized
by taking an electron in a charge-exchange collision
(αμ)+ + X → (αμe) + X+ = Heμ + X+ = 4.11H + X+ (3)
where X is some species with an ionization potential (IP) lower than that of the H atom, so not He itself but
an added component such as Xe, NH3, or CH4. In our recent study [10, 11] of the reaction with H2
H2 + 4.11H→ H + H 4.11H (4)
NH3 was used in this role. In that experiment, kinetics results for H2 were obtained up to 500 K rather than
the planned 600 K primarily because of the side-reaction involving NH3
NH3 + 4.11H→ NH2 + H4.11H (5)
which is the focus of this report.
2. Experiment
The measurements employed the μ−SR technique with a weak transverse magnetic ﬁeld of 6 G applied
vertically. Backward muons (μ−) with momenta near 70 MeV/c were provided by the M9B channel at
TRIUMF, directed through two scintillation counters and a 3-mm-thick Ti window to be stopped in a mixture
a He and NH3 gases. Electrons emitted by the muon decays were detected by pairs of scintillators placed
on the left and right sides of the reaction vessel. That vessel was constructed of stainless steel (316) and Ti
(Ti6Al4V) with an inside volume of about 200 mL. It was heated by metal-clad heating cable wound around
it, and the interior gas temperature was measured by a type-E thermocouple. The cell and its heaters were
supported by ceramic beads inside a vacuum jacket for insulation.
Reaction rate measurements were performed for a single concentration of NH3 gas mixed with He at
each of the temperatures 405, 500, and 600 K (i.e., only a single rate measurement per temperature). The
concentration of NH3 was computed using a virial equation [12] after veriﬁcation against tabulated density
data [13]. The calculation includes contributions for NH3 in the target vessel at the measured temperature,
and NH3 in the tubing at room temperature, which was forced into the vessel when He was added.
3. Results
Reaction rate constants are tabulated in Table 1 and graphed on an Arrhenius plot in Fig. 1. Fitting to
the Arrhenius equation k = A exp(−Ea/RT ) gives Ea = 47 ± 17 kJ/mol. With such a large uncertainty, this
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Fig. 1. Arrhenius plot of the NH3 + 4.11H reaction.
Only the point at 600 K is well determined. The solid
straight line shows a ﬁt to the rate constants giving
Ea = 47±17 kJ/mol. The dashed line shows the results
for the NH3 + 1H reaction taken from Ko et al. [14].
Table 1. Reaction rates versus tempera-
ture.
T (K) k (M−1 s−1)
404.6 0.1 ± 1.4 × 105
500.0 4.5 ± 2.9 × 105
600.0 28.4 ± 8.5 × 105
value easily overlaps the Ea for the normal isotope variant, reaction (1), which is Ea = 57 kJ/mol [14].
Nevertheless, the present results are distinctly above the NH3 + H results, indicative of a lowered adiabatic
reaction barrier, as expected for the heavier isotope with reduced zero-point energy in the product and
transition state.
Curvature on the Arrhenius plot for the H-atom variant had been seen, given the wide temperature ranges
aﬀorded by combining various techniques [14, 15], and modeling the temperature dependence requires good
treatment of quantum tunneling [3, 14]. Kinetic isotope eﬀects comparing the all-H-atom and all-D-atom
variants show that tunneling is less signiﬁcant for the deuterium isotope [2, 3, 14], as expected. Although
there is no chance of producing a reaction involving multiple 4.11H atoms, the titular reaction (5), if it
were measured more precisely, could be useful in examining the tunneling contributions, in comparisons
with other isotopes. More illuminating still would be the reaction of NH3 +Mu, expected to be very slow
and diﬃcult to measure within the muon lifetime, due to the elevated vibrational zero-point energy at the
transition state (as was CH4 +Mu [1]).
Over the temperature range studied herein, reaction (1) involves mainly the ground vibrational state of
NH3, but at the top of our temperature range, more excited vibrational levels come into play [16]. Theo-
retical examinations of reaction (1) continue [16–19] despite the experimental measurements being quite
old. Although the existing measurements speciﬁcally of reaction (1) are extensive and apparently accurate,
a greater coverage of isotopic variation is called for, and this report addresses the need slightly. Kinetics
measurements of (vibrational) state-selected reactants would be invaluable, but muonic helium experiments
require prohibitively high densities for that.
4. Prospects for further muon studies
As alluded to above, further measurement of the the NH3 + H reaction using both heavy 4.11H muonic
helium as well as very light muonium (Mu = 0.11H) would be most illuminating for kinetic isotope eﬀects,
but such measurements are not scheduled.
The already-completed measurement of reaction (4), and the comparison with previous muonium re-
sults [11, 20] was somewhat limited by the choice of NH3 because at 600 K the reaction with NH3 was
too fast. Perhaps Xe, as used earlier [5–7], would have been a better choice, but preliminary tests [10] had
suggested it was less eﬃcient at producing polarized neutral Heμ. This is attributed to two factors: Xe has
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a much greater cross section for muon capture due to the ‘Z-law’ [21], stealing more muons away from
capture by He; and Xe has a higher IP than NH3.
Another experiment in its early stages aims to measure the reaction
CH4 + 4.11H→ CH3 + H4.11H (6)
which resembles reaction (5) not just superﬁcially but also in its energetics. This has the beneﬁt that the
kinetics have been measured for Mu already [1], allowing an isotopic comparison with a ratio of 36 in mass,
as was the case for the H2 reaction [11]. Higher temperatures will be required for (6) than those needed
for (4) because the activation energy is greater, so added ammonia would introduce a critical limitation.
Moreover, such a mixture has the possibility of generating cyanide via
CH4 + NH3 → HCN + 3H2 (7)
which would be a problem both for reactant purity and for experiment safety. Fortunately, preliminary
measurements indicate that CH4 + He gives as much or more polarized Heμ signal as does NH3 + He,
despite CH4 having a signiﬁcantly higher IP than NH3 (12.51 vs 10.16 eV). Our provisional interpretation
of this phenomenon is that the symmetric shell of H atoms in CH4 provides a barrier against a muon being
captured onto the C atom, whereas the lone pair of NH3 gives the μ− easy access to the N atom. Whatever
the cause, this unexpected bonus should greatly facilitate our upcoming measurements of reaction (6) using
two-component gas mixtures of CH4 + He.
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